
Exposure to Manganese in Drinking Water during Childhood and Association with
Attention-Deficit Hyperactivity Disorder: A Nationwide Cohort Study
Jörg Schullehner,1,2,3 Malene Thygesen,1,2 Søren Munch Kristiansen,4 Birgitte Hansen,3 Carsten Bøcker Pedersen,1,2 and
Søren Dalsgaard1,5
1National Centre for Register-based Research, Aarhus University, Aarhus, Denmark
2Centre for Integrated Register-based Research at Aarhus University, Aarhus, Denmark
3Geological Survey of Denmark and Greenland, Aarhus, Denmark
4Department of Geoscience, Aarhus University, Aarhus, Denmark
5Lundbeck Foundation Initiative for Integrative Psychiatric Research, Aarhus, Denmark

BACKGROUND:Manganese (Mn) in drinking water may increase the risk of several neurodevelopmental outcomes, including attention-deficit hyperac-
tivity disorder (ADHD). Earlier epidemiological studies on associations between Mn exposure and ADHD-related outcomes had small sample sizes,
lacked spatiotemporal exposure assessment, and relied on questionnaire data (not diagnoses)—shortcomings that we address here.
OBJECTIVE: Our objective was to assess the association between exposure to Mn in drinking water during childhood and later development of
ADHD.
METHODS: In a nationwide population-based registry study in Denmark, we followed a cohort of 643,401 children born 1992–2007 for clinical diag-
noses of ADHD. In subanalyses, we classified cases into ADHD-Inattentive and ADHD-Combined subtypes based on hierarchical categorization of
International Classification of Diseases (ICD)-10 codes. We obtained Mn measurements from 82,574 drinking water samples to estimate longitudinal
exposure during the first 5 y of life with high spatiotemporal resolution. We modeled exposure as both peak concentration and time-weighted average.
We estimated sex-specific hazard ratios (HRs) in Cox proportional hazards models adjusted for age, birth year, socioeconomic status (SES), and
urbanicity.

RESULTS: We found that exposure to increasing levels of Mn in drinking water was associated with an increased risk of ADHD-Inattentive subtype,
but not ADHD-Combined subtype. After adjusting for age, birth year, and SES, females exposed to high levels of Mn (i.e., >100 lg=L) at least once
during their first 5 y of life had an HR for ADHD-Inattentive subtype of 1.51 [95% confidence interval (CI): 1.18, 1.93] and males of 1.20 (95% CI:
1.01, 1.42) when compared with same-sex individuals exposed to <5 lg=L. When modeling exposure as a time-weighted average, sex differences
were no longer present.
DISCUSSION: Mn in drinking water was associated with ADHD, specifically the ADHD-Inattentive subtype. Our results support earlier studies sug-
gesting a need for a formal health-based drinking water guideline value for Mn. Future Mn-studies should examine ADHD subtype-specific associa-
tions and utilize direct subtype measurements rather than relying on ICD-10 codes alone. https://doi.org/10.1289/EHP6391

Introduction
Attention-deficit hyperactivity disorder (ADHD) is one of the
most common mental disorders in children and, although it is
highly heritable, environmental risk factors of ADHD may be im-
portant (Banerjee et al. 2007; Faraone and Larsson 2019). There
is increasing evidence of neurotoxic effects of oral manganese
(Mn) intake, especially in children (Bjørklund et al. 2017; Ljung
and Vahter 2007). Despite Mn being an essential element, expo-
sure to high concentrations has long been known to cause man-
ganism, a disorder with parkinsonian symptoms (Couper 1837;
Racette 2014).

Mn occurs naturally in groundwater, with concentration levels
varying with geographical location and geochemical conditions in
the aquifers (WHO 2011). The scientific validity of the World
Health Organization’s (WHO) health-based drinking water guide-
line value of 400 lg=L has been questioned, because it is “based
partly on debatable assumptions, where information from previous

reports has been used without revisiting original scientific articles”
(Ljung and Vahter 2007). The WHO has not established a formal
drinking water guideline value but, rather, only states that Mn is
“not of health concern at levels normally causing acceptability prob-
lems in drinking water” (WHO 2017). Addressing these consumer
acceptability problems, many countries have set a lower, cosmetic-
based drinkingwater standard in order to achieve an acceptable taste
and to avoid water discoloring and staining of laundry—for exam-
ple, 50 lg=L in Denmark and the United States (Ministry of
Environment and Food ofDenmark 2018; U.S. EPA2018).

The Danish drinking water supply is highly decentralized, with
approximately 2,600 waterworks supplying approximately 5.7 mil-
lion users (Schullehner and Hansen 2014). Approximately 3% of
Danish households obtain their drinking water from a private water
well, and the remaining 97% from public waterworks (Schullehner
et al. 2017). Groundwater is the sole source of all Danish drinking
water, typically undergoing only simple treatment. Under aeration
at the waterworks, Mn is oxidized, and subsequently precipitates in
sand filters. At a well-functioning waterworks, the drinking water
Mn concentrations at the consumers’ taps are typically below the an-
alytical detection limit of 5 lg=L.However, the efficiency ofMn re-
moval at the waterworks depends on the biogeochemistry of the
groundwater and, hence, varies with geographical location. More
important, functioning of a filter may suddenly be disrupted due to a
number of reasons, including mechanical filter breaches, filter
media replacements, and start-up of new filters. During such epi-
sodes of disrupted filtering, Mn concentrations in drinking water
sharply increase, typically between 10- and 100-fold, and stay ele-
vated for long periods, from several months to more than a year,
before the removal ofMn is reestablished (Breda et al. 2017; Bruins
et al. 2014; Gouzinis et al. 1998; Ramsay et al. 2018). Exposure to
high levels of Mn through drinking water supplies based on simple-
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treated groundwater is therefore mainly governed by episodic water
treatment failure.

Children appear to be especially vulnerable to environmental
Mn exposure because, compared with adults, their Mn homeosta-
sis is not fully developed and their central nervous system is not
yet matured and hence is more vulnerable to neurotoxins (Ljung
and Vahter 2007). Mn accumulates in the brain regions with do-
paminergic pathways, potentially leading to dopaminergic dys-
function (Chen et al. 2014; Nitin and Bowman 2018; Tuschl
et al. 2016). In children, exposure to Mn in drinking water has
been shown to correlate with higher levels of Mn measured in
biomarkers such as hair and toenails (Bouchard et al. 2007;
Ntihabose et al. 2018). Both exposure to Mn in drinking water
and high levels of Mn in biomarkers have been associated with a
higher risk of adverse neurodevelopmental outcomes (Lucchini
et al. 2018). Evidence of sex differences in neurotoxic suscepti-
bility to environmental Mn exposure has been reported in several
studies (Broberg et al. 2019; Kullar et al. 2019; Lucchini et al.
2018) and age-specific incidence rate patterns for ADHD differed
between boys and girls in a comprehensive Danish study
(Dalsgaard et al. 2019).

Observational studies in humans have found associations
between Mn in drinking water and different neurodevelopmental
end points, including lower intelligence quotient (IQ), cognitive
difficulties, inattention, hyperactivity, and impulsivity (Bouchard
et al. 2007, 2011; He et al. 1994; Khan et al. 2011; Kullar et al.
2019; Lucchini et al. 2018; Rodríguez-Barranco et al. 2013;
Wasserman et al. 2006; Woolf et al. 2002) and, in rare cases, also
more serious detrimental end points, such as infant death
(Hafeman et al. 2007). However, results were not always unequiv-
ocal; a study from Bangladesh found, for example, early life expo-
sure to Mn in drinking water to adversely affect children’s
behavior but to be positively associated with cognitive function in
girls (Rahman et al. 2017). Drinking waterMn levels in these stud-
ies varied from below the regulatory limit (50 lg=L) up to several
milligrams per liter.

Previous epidemiological studies on the association between
Mn in drinking water and ADHD or ADHD-related symptoms
are few, often of cross-sectional design, comprising small popula-
tion sizes and relying on questionnaire data (Bouchard et al.
2007; Khan et al. 2011; Oulhote et al. 2014a). Furthermore, these
studies rely on unvalidated exposure data, often from drinking
water samples collected only once, at the end of study. Prior stud-
ies did not have the required time series of exposure data to
assess whether there is a difference in associated ADHD risk
between duration of exposure to moderately increased levels of
Mn and brief periods with high Mn exposure. Given the specific
circumstances of exposure fluctuations due to treatment failure at
the waterworks, modeling Mn exposure with a high spatial and
temporal resolution is likely crucial—an issue neglected in earlier
studies. In this study, we address this by taking advantage of a
comprehensive drinking water quality database to model spatio-
temporal exposure to Mn in drinking water in a large, nationwide
population-based cohort study of children followed for ADHD.

Methods

Study Population
The study population consisted of all singletons born in Denmark
between 1 January 1992 and 31 December 2007 whose parents
were born in Denmark. Cohort members had to be alive and resi-
dents of Denmark on their fifth birthday, and their mothers had
to be residents of Denmark 9 months before giving birth
(n=815,810). The study population was identified from the
Civil Registration System (CRS), which includes all residents of

Denmark since 1968 and their assigned unique personal identifi-
cation numbers (Pedersen et al. 2006). Complete residential his-
tory of the entire study population was obtained from the CRS
along with information on sex, date and place of birth, vital sta-
tus, date of death (if relevant), and personal identification num-
bers of the parents.

Exposure Assessment
During the study period, Mn was measured in 82,574 drinking
water samples from 3,509 active public waterworks and regis-
tered in the national geodatabase Jupiter (Hansen and Pjetursson
2011). Mn concentrations in drinking water and sampling dates
at the waterworks level were linked to water supply areas
(Schullehner and Hansen 2014) and updated in each water sup-
ply area every time a new Mn measurement was obtained.
Concentrations of Mn were assigned to all cohort members
based on longitudinal spatial linkage of their geocoded residen-
tial history and water supply areas (Pedersen 2011; Schullehner
et al. 2017). The analytical detection limit for Mn in water sam-
ples was 5 lg=L.

Private wells that provide drinking water to fewer than 10
households have very limited Mn monitoring and, in general,
poorer water quality for a range of parameters (Schullehner and
Hansen 2014). Hence, private well users were excluded from the
analysis. In addition, we excluded children with <4 y of Mn ex-
posure information available before 5 years of age (i.e., those liv-
ing outside a public water supply area with Mn monitoring) and
children for whom we had <7months of information on maternal
Mn exposure during pregnancy (excluded in total n=171,187).

Prior studies did not have data on time series of Mn exposure,
which is required to investigate whether longer exposure to mod-
erately increased levels of Mn is comparable to brief exposure to
highly increased Mn levels in terms of risk of developing ADHD.
To capitalize on the level of detail in temporal changes in our ex-
posure data, we modeled Mn exposure using two different
definitions.

First, we modeled exposure as the highest level of Mn in
drinking water each individual was exposed to during the first 5 y
of life. We modeled this both as a categorical and a continuous
variable on the log-scale using natural cubic splines with knots
set at the breaks of the exposure categories. Approximately 20%
of the study population was never exposed to Mn levels above
the detection limit, which was defined as the reference category.
The remaining categories’ cut points were calculated as quintiles
in the study population, rounded to the nearest microgram per li-
ter, which resulted in five exposure categories of similar size
(<5, 5–19, >19–34, >34–100, >100 lg=L). In the continuous
exposure variable model, we imputed Mn concentrations using
robust regression on order statistics for the approximately 20% of
the study population with a highest level of Mn below the analyti-
cal detection limit.

Second, to estimate the effects of long-term exposure, we
computed a time-weighted average Mn concentration, where we
modeled the exposure weighted by the number of days exposed
to different levels of Mn during the first 5 y of life. Here, we cate-
gorized exposure into four groups, using individuals exposed to
<5 lg=L Mn as the reference group (constituting 70% of all
cohort members’ exposure duration) and divided the rest into
three exposure categories (5–10, >10–25, >25 lg=L), each with
approximately 10% of the study population.

Outcome Assessment
Clinical diagnoses of ADHD were obtained from the Danish
Psychiatric Central Research Register (DPCRR) and the Danish
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National Patient Register (DNPR). The DPCRR includes all con-
tacts to hospital-based mental health services in Denmark, with
data available for all in- and out-patient contacts during the
follow-up period (Mors et al. 2011). Similarly, during the follow-
up period, the DNPR holds data on contacts to nonpsychiatric
hospital-based health services, with information on in-patient
admissions, out-patient contacts, and emergency department vis-
its. Both DPCRR and DNPR hold diagnostic information accord-
ing to the ICD Classification of Mental and Behavioural
Disorders, Diagnostic Criteria for Research, 10th edition (ICD-
10-DCR; WHO 1993).

A diagnosis of ADHD-Overall was based on the ICD-10-DCR
codes F90.x (hyperkinetic disorders) or F98.8 (attention deficit dis-
order without hyperactivity). ICD-10-DCR code F90.x covered
codes F90.0 (disturbance of activity and attention), F90.1 (hyperki-
netic conduct disorder), F90.8 (other hyperkinetic disorders) and
F90.9 (hyperkinetic disorder, unspecified).

For analyses of different subtypes of ADHD according to the
Diagnostic and StatisticalManual ofMental Disorders DSM-IV-TR
(Text Revision), 4th edition (DSM-IV-TR; APA 2000), we created
hierarchical categories of ADHD. Individuals with a contact with an
ICD-10-DCR code F98.8 (inattentionwithout hyperactivity) and no
contact with ICD-10-DCR code F90.x (hyperkinetic disorders) pre-
viously, or within 2 y after the contact with ICD-10-DCR code
F98.8, were defined asADHD-Inattentive subtype. Individuals hav-
ing a contact with ICD-10-DCR code F90.x were defined as
ADHD-Combined subtype, regardless of any contact with ICD-10-
DCR code F98.8. The ICD-10 holds no specific diagnosis for the
ADHD-Hyperactive/impulsive subtype. In the analyses of ADHD
subtypes, follow-up ended 2 y before the end of the study (see details
in the section “Statistical Analyses”), that is, 31 December 2014, to
allow sufficient time to distinguish cases with the ADHD-
Inattentive subtype from cases that might be reclassified as ADHD-
Combined based on a subsequent indication of a hyperkinetic
disorder.

The date of first diagnosis of mental disorder was defined as
the date of first contact with the diagnosis. Individuals with a first
diagnosis of ADHD before their fifth birthday were excluded
(n=1,222), given that the validity of ADHD diagnoses before
5 years of age is lower than in school-age children (Overgaard
et al. 2019) and only very few preschool-age children are diag-
nosed with ADHD in Denmark (Dalsgaard et al. 2019). This
resulted in a final study population of 643,401 persons.

Covariates
All covariates were accessed for the year the cohort member was
born. Low parental level of education (Dalsgaard et al. 2015) and
income (Larsson et al. 2014) are known to be associated with
ADHD in offspring. We obtained information on these parental
socioeconomic status (SES) variables from Statistics Denmark’s
Education Register and Income Register. We included data on
maternal educational level and paternal income. We did not use
maternal income because its estimate the year the child is born
is more biased than paternal income, due to maternity leave. The
mother’s highest attained education was included in the following
categories: a) primary school only; b) shorter education (high
school and short vocational training); c) medium-long education
(vocational training and bachelor degrees); and d) long education
(university graduates). The father’s income was included as an-
nual quintiles.

Geographical differences in the incidence of ADHD diagno-
ses have been observed in Denmark (Madsen et al. 2015). We
therefore included the degree of urbanicity, defined as residing
in a) the capital; b) suburbs of the capital; c) municipalities
where the largest city has more than 100,000 inhabitants; d)

municipalities where the largest city has between 10,000 and
100,000 inhabitants; and e) municipalities with largest towns
having fewer than 10,000 inhabitants.

Statistical Analyses
A total of 643,401 individuals were followed for outcomes from
their fifth birthday until date of diagnosis of ADHD, death, emi-
gration, or the end of the study (31 December 2016), whichever
came first. In the subtype analyses, follow-up ended 2 y earlier
and individuals were censored, where required, 2 y before a ICD-
10-DCR code F90.x diagnosis in the analyses for the ADHD-
Inattentive subtype.

Cox proportional hazards models were used to estimate haz-
ard ratios (HRs). Age was used as the underlying time scale for
all Cox regression models. Because age-specific incidence rates
for ADHD have two distinct patterns for males and females
(Dalsgaard et al. 2019) and because evidence of sex differences
in neurotoxic susceptibility to Mn exposure has been reported in
several studies (Broberg et al. 2019; Kullar et al. 2019; Lucchini
et al. 2018), all analyses were stratified by sex. The base model
was adjusted for birth year in four 4-y bands. In a second model,
we adjusted additionally for parental SES. As a sensitivity analy-
ses, we adjusted additionally for degree of urbanicity. We calcu-
lated p-values for trend (ptrend) by assigning each exposure
category an equally spaced integer value from 0, modeled as a
continuous variable.

When covariate data was not available, a separate missing
category was included. The proportional hazards assumption was
checked for each of the models by assessing the null hypothesis
of a zero slope of the Schoenfeld residuals on time and was not
violated in any of the presented models. Statistical analyses were
done in R (version 3.4; R Developmental Core Team).

Ethics
The Danish Data Protection Agency and the Danish Health Data
Authority approved this study. Informed consent is not required
for large-scale, registry-based studies in Denmark (Ludvigsson
et al. 2015).

Results
Table 1 shows the characteristics of the study population. Of the
643,401 individuals followed for ADHD-Overall between 1997
and 2016 during 7,367,911 person-years at risk, a total of 22,730
children were diagnosed with ADHD, of which 30.6% were
females and 69.4% were males. A total of 1,928 females and 2,863
males had their first ADHD diagnosis after 31 December 2014,
corresponding respectively to 27.7% and 18.2% of cases in the
study population and were consequently not subtyped. Fifty-four
females and 109 males were assigned both subtypes, resulting in
2,672 ADHD-Inattentive subtype cases and 15,430 ADHD-
Combined subtype cases. A total of 477 females and 1,954 males
received a ICD-10-DCR code F90.x diagnosis during the first 2 y
of follow-up, that is, before their seventh birthday, and were con-
sequently excluded from the ADHD-Inattentive subtype analyses.

The geographical distribution of Mn concentrations across
Denmark in 2012 is shown in Figure 1. More important than this
snapshot are the spatiotemporal variations in Mn concentrations
during the entire exposure period from 1992 to 2012, which are
shown in Video S1. Of all 82,574 water samples, 67% were
below the analytical detection limit. However, the vast majority
(90%) of waterworks providing data for this study had at least
one episode with Mn concentrations above the detection limit
(5 lg=L) during the exposure period. In the total study popula-
tion, 20% of the children were exposed to more than 100 lg=L
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Mn at some point during their first 5 y of life. The distribution of
number of individuals and cases in each of the exposure catego-
ries and covariates is shown in Table 1.

Table 2 shows the results for associations between exposure
modeled as highest level of Mn in drinking water during the first

5 y of life and the ADHD-Overall and ADHD subtypes.
Exposure to the highest category (>100 lg=L) was associated
with a significantly higher risk of ADHD-Overall in females
[HRSES-adjusted 1.09 [95% confidence interval (CI): 1.00, 1.18],
ptrend = 0:011], but not males [HRSES-adjusted 0.98 (95% CI: 0.93,
1.03), ptrend = 0:32] when compared with those exposed to the
lowest category (<5 lg=L). In both females and males, HRs for
the ADHD-Combined subtype, which accounted for 81% and
87% of the subtyped cases in girls and boys, respectively, were
similar to those for ADHD-Overall but less precise and not sig-
nificant for any exposure category after adjusting for SES. In con-
trast, associations with the ADHD-Inattentive subtype were
stronger and statistically significant in both sexes before and after
adjusting for parental SES, with larger HRs for the highest vs.
lowest exposure category in females [HRSES-adjusted of 1.51 (95%
CI: 1.18, 1.93) than males (HRSES-adjusted 1.20 (95% CI: 1.01,
1.42)]. Although trend tests were significant for both groups,
HRs increased monotonically with exposure in females, but not
in males.

The suggested exposure–response relationship for the ADHD-
Inattentive subtype in females and males seen in exposure catego-
ries can also be examined on a continuous scale in Figure 2. In
females (Figure 2A), exposure to increasing levels of Mn in early
childhood is associated with an increased risk of ADHD-
Inattentive subtype, with a clear exposure–response pattern. In
males (Figure 2B), the associationwith the ADHD-Inattentive sub-
type is less clear compared with females, following a flatter expo-
sure–response pattern, with a dip at the very high exposure levels.
No clear exposure–response pattern is observed in the association
with ADHD-Combined subtype in either sex.

Modeling exposure as a time-weighted average gave similar
results (Table 3). After adjusting for SES, Mn in drinking water
was significantly associated only with ADHD-Inattentive subtype.
In contrast with estimates based on the highest exposure, HRs for

Figure 1. Geographical distribution of manganese concentrations in public
drinking water across Denmark. Each dot represents one of the 3,509 water-
works. Most recent sample at each waterworks by end of exposure period
(December 2012). The island of Bornholm is shown in the top left inset. For
temporal changes refer to Video S1.

Table 2. Hazard ratios (95% confidence intervals) for the association between highest drinking water Mn exposure during the first 5 y of life (as exposure cate-
gories, with ∼ 20% of the study population in each category) and ADHD-Overall and ADHD subtypes, stratified by sex.

Highest Mn exposure
[lg=L]

ADHD-Overall ADHD-Inattentive subtype ADHD-Combined subtype

Females Males Females Males Females Males

Cases 6,964 15,766 973 1,699 4,117 11,313
Person-years 3,615,736 3,752,175 2,995,010 3,101,128 3,007,820 3,132,771
Base adjustmenta

<5 (Ref) 1 1 1 1 1 1
5–19 1.03 (0.95, 1.12) 0.98 (0.93, 1.03) 1.30 (1.01, 1.67) 1.09 (0.92, 1.29) 1.08 (0.97, 1.21) 0.96 (0.91, 1.02)
>19–34 1.10 (1.02, 1.20) 1.03 (0.98, 1.08) 1.46 (1.13, 1.87) 0.99 (0.83, 1.18) 1.14 (1.02, 1.27) 1.03 (0.97, 1.09)
>34–100 1.12 (1.03, 1.22) 1.09 (1.04, 1.15) 1.54 (1.21, 1.97) 1.21 (1.03, 1.44) 1.10 (0.99, 1.23) 1.06 (1.00, 1.13)
>100 1.15 (1.06, 1.25) 1.03 (0.98, 1.09) 1.57 (1.23, 2.01) 1.23 (1.04, 1.46) 1.13 (1.02, 1.26) 0.99 (0.93, 1.06)
ptrend 0.0001 0.0037 0.0002 0.0034 0.046 0.27
SES adjustmentb

<5 (Ref) 1 1 1 1 1 1
5–19 1.00 (0.92, 1.08) 0.96 (0.91, 1.00) 1.26 (0.98, 1.62) 1.07 (0.90, 1.27) 1.04 (0.94, 1.16) 0.94 (0.88, 1.00)
>19–34 1.07 (0.98, 1.16) 1.01 (0.96, 1.06) 1.41 (1.10, 1.82) 0.97 (0.82, 1.16) 1.10 (0.98, 1.22) 1.01 (0.95, 1.07)
>34–100 1.06 (0.98, 1.15) 1.05 (1.00, 1.11) 1.48 (1.16, 1.89) 1.18 (1.00, 1.39) 1.04 (0.93, 1.16) 1.02 (0.96, 1.08)
>100 1.09 (1.00, 1.18) 0.98 (0.93, 1.03) 1.51 (1.18, 1.93) 1.20 (1.01, 1.42) 1.07 (0.96, 1.19) 0.94 (0.88, 1.00)
ptrend 0.011 0.32 0.0007 0.011 0.34 0.62
SES and urbanicity

adjustmentc

<5 (Ref) 1 1 1 1 1 1
5–19 0.99 (0.91, 1.07) 0.95 (0.90, 1.00) 1.28 (1.00, 1.65) 1.08 (0.90, 1.27) 1.01 (0.91, 1.13) 0.93 (0.87, 0.99)
>19–34 1.05 (0.97, 1.14) 1.00 (0.95, 1.05) 1.50 (1.16, 1.93) 0.99 (0.83, 1.18) 1.04 (0.93, 1.16) 0.98 (0.92, 1.05)
>34–100 1.04 (0.96, 1.13) 1.02 (0.97, 1.08) 1.55 (1.21, 1.99) 1.19 (1.00, 1.40) 0.99 (0.89, 1.11) 0.99 (0.93, 1.05)
>100 1.06 (0.97, 1.15) 0.96 (0.91, 1.01) 1.53 (1.19, 1.96) 1.20 (1.01, 1.43) 1.03 (0.92, 1.16) 0.92 (0.87, 0.99)
ptrend 0.079 0.97 0.0008 0.013 0.77 0.24

Note: Adjustment models for the main analyses (base adjustment and SES) and sensitivity analyses (additional adjustment for urbanicity). ADHD, attention-deficit hyperactivity disor-
der; Mn, manganese; Ref, reference; SES socioeconomic status.
aBase: Cox proportional hazards model with age as underlying time scale and additional adjustment for birth year (4-y categories).
bSES: Base model adjusted for maternal highest attained education and paternal income.
cSES and urbanicity: Base model adjusted for maternal highest attained education, paternal income, and degree of urbanicity.
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time-weighted exposures were similar between females and males
and increased monotonically with exposure in males, but not
females (ptrend, SES-adjusted, females: 0.042, males: 0.0011).
Results were robust in the sensitivity analyses, when adjusting
additionally for degree of urbanicity (Tables 2 and 3).

Discussion
In this large nationwide follow-up study of 643,401 individuals,
we found that increasing levels of Mn in drinking water were
associated with an increasing risk of the ADHD-Inattentive sub-
type. The results were consistent for different ways of modeling
exposure and different adjustment models and were seen in both
sexes, with evidence of stronger associations with the highest
drinking water Mn exposure in females compared with males,
but no clear differences by sex for time-weighted exposure esti-
mates. We did not find consistent evidence for associations
between Mn in drinking water and the ADHD-Overall or ADHD-
Combined subtypes.

Exposure to >100 lg=L of Mn at any one time during the
first 5 y of life was associated with a 51% (95% CI: 18%, 93%)
increased risk of ADHD-Inattentive subtype in females and a
20% (1–42%) increased risk in males, when compared with those
exposed only to the lowest level of Mn (SES-adjusted).
Importantly, approximately 20% of the children in the total study
population were exposed to these high levels of Mn (>100 lg=L)
at least once during the 5-y exposure window. Modeling expo-
sure as a time-weighted average, being exposed to the highest
levels (>25 lg=L) was associated with a 37% (1–85%) increased
risk of ADHD-Inattentive subtype in females and a 36% (7–71%)
increased risk in males, when compared with those exposed to
the lowest levels (SES-adjusted).

Earlier studies on the association between Mn in drinking
water and ADHD are few and limited by small sample sizes and
imprecise exposure estimations. A cross-sectional study of 201
children in Bangladesh found an association between Mn levels
in household wells (median exposure level of 650 lg=L),
sampled at the time of the study, and attention problems (Khan
et al. 2011). In a pilot study of 46 children from Canada,
Bouchard et al. (2007) examined Mn concentrations in two drink-
ing water supply areas, one with Mn levels ranging from
230 to 610 lg=L and the other with levels of 160 lg=L. They
found correlations between Mn levels in drinking water and Mn

levels in hair. Subsequently, they also found that Mn levels in
hair were associated with teacher-rated behavioral symptoms of
opposition and hyperactivity in children. Another cross-sectional
study of 375 children from Canada found an association between
Mn levels in hair and lower memory and attention functions, and
exposure to high Mn levels in drinking water (up to 2,700 lg=L)
were also associated with lower memory function (Oulhote et al.
2014a). Drinking water was sampled once, at the time of study,
thus neither of these studies included longitudinal information on
Mn levels in drinking water. However, hair Mn levels may be a
suitable proxy for longer-term exposure to Mn. In our study, Mn
exposures before 5 years of age, at levels that were lower than in
previous studies, were associated with an increase in the risk of
ADHD after 5 years of age.

In our study, associations between Mn and ADHD were more
pronounced in females than in males when exposure was based
on the highest level in drinking water, whereas associations were
similar for females and males when based on time-weighted aver-
age exposures. Kullar et al. (2019) emphasized that this is con-
sistent with numerous earlier studies on environmental Mn
exposure and adverse neurodevelopmental outcomes that, when
reporting sex-differences, either found stronger associations in
girls or associations only in girls and not in boys (Bauer et al.
2017; Bouchard et al. 2018; Chiu et al. 2017; Hernández-Bonilla
et al. 2016; Kullar et al. 2019; Riojas-Rodríguez et al. 2010;
Torres-Agustín et al. 2013). Even though some studies also
reported stronger associations in boys (Claus Henn et al. 2018;
Rahman et al. 2017), collectively, these earlier studies suggested
that girls may be more susceptible to Mn neurotoxicity.
Furthermore, a recent study on Mn exposure from soil and neuro-
behavioral outcomes found that girls, who were genetically less
efficient at regulating Mn, may be a particularly vulnerable group
(Broberg et al. 2019). Although the mechanisms that may explain
potential differences in effects by sex are not fully understood, it
has been shown that females have significantly higher blood Mn
levels than males (Oulhote et al. 2014a). As a possible explana-
tion, sex-related metabolic differences have been suggested
(Bouchard et al. 2018; Dion et al. 2018; Oulhote et al. 2014b).

Dopaminergic dysfunction has been suggested as a possible
mechanism that could explain an association between drinking water
Mn exposure and increased risk ofADHDgiven thatMn accumulates
primarily in the brain regions involved in dopaminergic function
(Nitin and Bowman 2018). In rats, early postnatal Mn exposure
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Figure 2. Hazard ratios (HRs) for the association between highest exposure to manganese in drinking water during the first 5 y of life and ADHD by subtype
for (A) females and (B) males. Smoothed HRs with 95% CIs. Cox proportional hazards model with age as underlying time scale and additionally adjusted for
birth year and SES (maternal highest attained education and paternal income). Values below detection limit (5 lg=L) were imputed using robust regression on
order statistics. Given that exposure is skewed to the right and CIs increase along with fewer study population members in the high end of exposure, only expo-
sures until 750 lg=L (99% percentile of the study population) are shown in this figure for better visualization. Note: ADHD, attention-deficit hyperactivity dis-
order; CI, confidence interval; SES, socioeconomic status.
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altered catecholamine function in the same brain regions in which
children with ADHD show hypofunctioning of catecholaminergic
systems and caused lasting attentional dysfunction (Beaudin et al.
2017).Mn exposure impaired selective and focused attention, arousal
regulation, and fine motor function, without altering impulse control,
corresponding to an inattentive presentation of ADHD (Beaudin et al.
2017). This explanation supports our findings of a stronger associa-
tionwith theADHD-Inattentive subtype.

Our study has a number of methodological strengths. First, the
nationwide, register-based cohort design allowed us to enroll by
far the largest study population on this topic to date while also
avoiding selection bias. Data, both on exposure and outcome, were
collected prospectively at the time of sampling and registered in
centralized databases, minimizing information and recall bias. Our
outcome was defined as a diagnosis of ADHD in health registers
(for ADHD-Overall) or a combination of ADHD-related diagnoses
(for ADHD subtypes). The diagnoses in the health registers are the
result of a thorough clinical assessment by a team of mental health
professionals, including child psychiatrists. Validation studies of
ADHDdiagnoses in the DPCRR concluded that risk of misclassifi-
cationwas low (Dalsgaard et al. 2001; Linnet et al. 2009). A valida-
tion study of hyperkinetic disorders showed that 87% of those with
a ICD-10-DCR code F90.x diagnosis in the DPCRR indeed ful-
filled the Diagnostic and Statistical Manual of Mental Disorders:
DSM-5 (DSM-5; APA 2013) criteria for ADHD (Mohr-Jensen
et al. 2016). Furthermore, in our study, Mn exposure was esti-
mated using longitudinal data with a high spatial and temporal re-
solution. This is crucial when estimating exposure to Mn in
drinking water in groundwater-based supply systems with con-
ventional treatment, whereMn oxidizes and subsequently precip-
itates in sand filters. Concentrations of Mn in drinking water are
mainly determined by the filter efficiency at the individual water-
works. Depending on water flow rates, groundwater chemistry,
filter media replacements, or start-ups of bio-coating, removal
may suddenly become insufficient. Such sudden treatment break-
downs result in sharp increases of Mn in the drinking water,

which may remain elevated for several months, before efficient
Mn removal is reestablished (Breda et al. 2017; Bruins et al.
2014; Gouzinis et al. 1998); this can also be observed in Video
S1. Because drinking water samples in the national geodatabase
are registered with the date of sampling, and residential history in
the CRS is registered with a resolution of 1 d, it was possible to
assign each cohort member their corresponding exposure to
drinking water Mn with a resolution of 1 d. Exposure was mod-
eled based on the actual drinking water supply areas, thus no spa-
tial interpolation was necessary, which would have been
inappropriate given the distinct pattern ofMn exposure.

Given its design, our study has several limitations.We lacked in-
formation on other Mn exposure sources than drinking water. Mn is
found in many foods, such as cereals, seafood, vegetables and nuts
(Bouchard et al. 2007; Wenlock et al. 1979). Even though oral
intake of Mn from drinking water is usually small compared with
intake through foods, drinking water may be a crucial exposure
path. For example, an earlier study found Mn concentrations in
children’s hair were correlated with drinking water Mn intake but
not with dietaryMn intake, suggesting that Mn from drinking water
is metabolized differently thanMn from diet (Bouchard et al. 2011).
Interaction between Mn and iron may also be important to consider
when investigating the relation between Mn exposure and neurode-
velopment. Several studies reported that iron-deficient individuals
might have a higher blood Mn concentration and more severe signs
of neurotoxicity following occupational or environmental exposure
to Mn (Bjørklund et al. 2020). Information on iron status level was
not available in our study and we were not able to account for the
joint effect of low iron status and exposure to Mn. Likewise, we
lacked data to take the potential effect of other drinking water con-
taminants into account. However, metallic contamination of differ-
ent sources, such as leaching from pipes or installations, including
lead, are unlikely to be correlated with naturally occurring Mn and
are hence not expected to threaten the validity of the reported associ-
ations between Mn and ADHD. Although we controlled for several
important variables such as age, sex, parental SES, and degree of

Table 3. Hazard ratios (95% confidence intervals) for the association between time-weighted average drinking water Mn exposure during the first 5 y of life
and ADHD-Overall and ADHD subtypes, stratified by sex.

Time-weighted average
Mn exposure [lg=L]

ADHD-Overall ADHD-Inattentive subtype ADHD-Combined subtype

Females Males Females Males Females Males

Cases 6,964 15,766 973 1,699 4,117 11,313
Person-years 3,615,736 3,752,175 2,995,010 3,101,128 3,007,820 3,132,771
Base adjustmenta

<5 1 1 1 1 1 1
5–10 1.05 (0.90, 1.22) 1.06 (0.96, 1.18) 1.29 (0.88, 1.89) 1.16 (0.86, 1.57) 1.12 (0.92, 1.36) 1.02 (0.90, 1.15)
>10–25 1.12 (0.98, 1.29) 1.12 (1.02, 1.23) 1.49 (1.06, 2.09) 1.37 (1.05, 1.79) 1.06 (0.89, 1.27) 1.12 (1.00, 1.25)
>25 1.18 (1.04, 1.33) 1.11 (1.02, 1.21) 1.42 (1.06, 1.93) 1.44 (1.14, 1.82) 1.16 (0.99, 1.36) 1.03 (0.93, 1.14)
ptrend 0.0022 0.0008 0.0014 0.0001 0.045 0.12
SES adjustmentb

<5 1 1 1 1 1 1
5–10 0.96 (0.82, 1.12) 0.98 (0.88, 1.09) 1.22 (0.83, 1.80) 1.09 (0.81, 1.48) 1.03 (0.84, 1.25) 0.93 (0.82, 1.05)
>10–25 1.08 (0.94, 1.25) 1.08 (0.98, 1.19) 1.47 (1.04, 2.06) 1.33 (1.02, 1.74) 1.02 (0.85, 1.23) 1.08 (0.97, 1.21)
>25 1.09 (0.96, 1.23) 1.02 (0.94, 1.12) 1.37 (1.01, 1.85) 1.36 (1.07, 1.71) 1.07 (0.92, 1.25) 0.95 (0.85, 1.05)
ptrend 0.11 0.22 0.042 0.0011 0.38 0.76
SES and urbanicity

adjustmentc

<5 1 1 1 1 1 1
5–10 0.94 (0.80, 1.10) 0.96 (0.86, 1.06) 1.16 (0.79, 1.72) 1.06 (0.78, 1.43) 1.06 (0.87, 1.29) 0.92 (0.81, 1.04)
>10–25 1.11 (0.96, 1.28) 1.07 (0.97, 1.18) 1.53 (1.08, 2.17) 1.40 (1.06, 1.83) 1.09 (0.90, 1.32) 1.09 (0.97, 1.22)
>25 1.11 (0.98, 1.27) 1.02 (0.93, 1.12) 1.31 (0.96, 1.79) 1.38 (1.08, 1.76) 1.19 (1.01, 1.40) 0.97 (0.88, 1.08)
ptrend 0.055 0.33 0.011 0.0009 0.028 0.86

Note: Adjustment models for the main analyses (base adjustment and SES) and sensitivity analyses (additional adjustment for urbanicity). ADHD, attention-deficit hyperactivity disor-
der; Mn, manganese; SES socioeconomic status.
aBase: Cox proportional hazards model with age as underlying time scale and additional adjustment for birth year (4-y categories).
bSES: Base model adjusted for maternal highest attained education and paternal income.
cSES and urbanicity: Base model adjusted for maternal highest attained education, paternal income, and degree of urbanicity.
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urbanicity, we cannot exclude residual confounding by unobserved
variables. We did not assess whether the number of peaks with ele-
vatedMn levels in drinkingwater was associated withADHDgiven
that this would require uniform sampling frequencies at the
waterworks.

We were restricted by the ICD-10-DCR codes used in the
Danish registers, making it impossible to assess predominantly
hyperactive/impulsive cases as a separate subgroup of ADHD.
Consequently, children not classified as ADHD-Inattentive sub-
type were classified in the broader ADHD-Combined subgroup.
To identify the subtypes, we applied a hierarchical classification
method with a 2-y reclassification period at the end of the study
in order to avoid misclassification of subtypes and conditioning
on the future. This led to the exclusion of the most recent cases
(i.e., those diagnosed in 2015 and 2016). Because there is an
increasing trend in ADHD diagnosis over time (Atladottir et al.
2015) and the incidence rate of ADHD peaks later in females
than in males (Dalsgaard et al. 2019), a relatively large propor-
tion of cases was excluded in the subtype analyses, more so for
females. As we cannot be certain that the excluded cases were a
random sample of all cases, this study could be repeated in a few
years to avoid excluding a significant proportion of cases even
when applying a reclassification period. Because of differences in
diagnostic criteria between ICD-10 and DSM, the group we clas-
sified as ADHD-Combined subtype may include some misclassi-
fied cases of ADHD-Inattentive subtype according to DSM.
Preferably, future studies not constrained by ICD-10-DCR should
make direct use of ADHD subtype classifications according to
DSM-IV-TR or DSM-5, when available.

We found an increased risk for ADHD at Mn levels below
the WHO’s health-based drinking water guideline value of
400 lg=L, whose scientific foundation has previously been ques-
tioned (Ljung and Vahter 2007). This adds to other recent studies
suggesting the need for a formal drinking water guideline value
for Mn. For example, a recent study estimated drinking water Mn
benchmark concentrations for a 1% decrease of the Performance
IQ score to be 185 lg=L for boys and 76 lg=L for girls (Kullar
et al. 2019).

To the best of our knowledge, this is the largest population-
based cohort study on the association between exposure to Mn in
drinking water and ADHD and the only study with a detailed spa-
tiotemporal exposure assessment. Our study adds to the body of
evidence suggesting an association between elevated Mn in
drinking water and negative health outcomes in children at com-
paratively low levels. Waterworks in Denmark are typically effi-
cient at removing Mn to levels <5 lg=L, and techniques exist to
mitigate Mn peaks in drinking water or minimize their durations
after episodes of filter malfunctioning (Breda et al. 2017; Bruins
et al. 2014; Gouzinis et al. 1998). If confirmed, this study shows
that public waterworks not only have an incentive for providing
efficient Mn removal for cosmetic reasons but may indeed have a
valid public health argument for doing so.

In conclusion, we report novel findings indicating that expo-
sure to increasing levels of Mn in drinking water early in life
may be associated with increased risk of ADHD, especially of
the inattentive subtype. Our exposure assessment also suggests
that high resolution in exposure time series is crucial for studies
of Mn in drinking water given that water supply systems are
characterized by long periods of low Mn levels with episodic
peaks. Further studies are needed to confirm our findings in
other settings and should include assessing co-exposure with
other drinking water compounds and assess whether children
are especially susceptible to Mn toxicity at specific ages. Gene–
environment interaction effects in subgroups with genetic sus-
ceptibility of poor Mn regulation should also be studied as well

as associations with other neurodevelopmental and neurotoxic
outcomes.
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